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l. INTRODUCTION

Considerable effort has been expended during the last
several years in the development of unmanned high altitude
station keeping vehicles. Such vehicles are airborne plat-
forms capable of loitering above a specific location or geo-
graphic area on the earth while maintaining a high altitude.
These vehicles have applications encompassing military,
civil, and scientific uses. Examples of vehicle concepts
include drones, RPV's (Remotely Piloted Vehicles), flying
wings, microwave beamed power vehicles, synchronous station-
ary satellites (not airborne), free floating balloons, te-
thered balloons, and powered balloons. This report is in-
tended to concentrate on powered balloons. A brief discus-
sion of balloon concepts follows.

Many studies of tethering balloons at altitudes in ex-
cess of 18,000 meters (60,000 feet) have been performed,
The primary problem associated with this concept is the pro-
curement of a lightweight, high strength tether cable which
would make such a system design feasible. Present develop-
ments are centered on the use of Kevlar fibers for a dielec-
tric cable. The high cable tensions and system performance
characteristics are extremely difficult to predict because
of the great changes in the relative wind conditions imposed
on such a system, Thus, the primary disadvantage of the
tethered balloon concept is the required direct link between
the balloon and the ground.

Three types of free floating balloon systems have been
studied. One study addressed the problem of setting up and
maintaining a network of superpressure balloons such that
from a statistical standpoint one of the balloons would be
within a specified area for a certain percentage of the
time.! The actual study looked more closely at the problem
of a communications network instead of a down-looking recon-
naissance type balloon, but the problems are similar. The
disadvantage of this type of system is the obviously high
number of balloons required and initial costs which would be
incurred. Once the network is developed, then an on~=going
balloon replenishment program could be set up to maintain
the network, One of the main advantages of this type of sys-
tem is the simplicity of the individual vehicles.

™Winker, J. A., High Altitude Relay Platform System, Re-

port No. 0669011, Raven Industries, Inc. Final Report, Con-
tract 4691, Task Order 18. 15 May 1969.




The second type of free floating halloon concent utili-
2zes a balloon floating in the stratosphere between 15 kilome-
ter (50,000 feet) and 21 kilometer (70,000 feet) where east-
erly winds would prevail during much of the year.? To attain
a loitering capability a reefable parachute would be lowered
to a level where westerly winds would exist., In this way the
parachute would act as a variable drag device such that a
force balance between the balloon and the parachute would be
attained so that no horizontal motion would exist. This type
of system is entirely dependent upon proper wind conditions
existing. This drastically reduces the operational capabil-
ities of the system because of the dependence of the system
upon the specific wind conditions. Thus such a system can
only be used for a few months of each year.

The third type of station keeping free floating balloon
is a concept which has actually been demonstrated and used.?r "’
This involves ballasting and valving to attain a reasonable
degree of altitude changing and altitude control so that wind
directions and speeds could be altered. This type of station
keeping concept has been rather limited in duration because
the mission generally needs to he terminated shortly after
all the ballast is used up. Other limitations of this con-
cept include its dependence upon proper wind conditions ex-

isting and of being able to find these advantageous wind
fields.

“Bourke, Fdgan R. II, "Addenum To Presentation On a U-
nique Approach to Balloon Station Keepinag", Raytheon Comvany.
Presented at Earth Observations From Balloons Symposium, Amer-
ican Society of Photogrammetry. Published by Raytheon Com-
pany. 7 February 1969.

’Nolan, George F,, High Altitude Minimum Wind Fields and
and Balloon Applications, AFCRI, 64-843, ALr Force Cambridge
Research Laboratories, 1964.

*Nolan, George F,, A Study of Mesoscale Features of Sum-
mertime Minimum Wind Fields in the T.ower Stratosphere, AFCRL
67-0601, Air Force Cambridge Research Laboratories, 1967,

Sltiolan, George F,, "Meteorological Considerations for
Tethered and Hovering Free Ballcons", Air Force Cambridge Re-
search Laboratories. § osium Proceedings, Earth Observa-
tions From Balloons, AmerEcan Socliety of Photogrammetry.
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The work performed under this contract was to result in ! Y
a design of a superpressure airship capable of an airspeed of . %
8.18 meter/second (15,9 knot) at an altitude of approximately :
. 21 kilometer (70,000 feet) for a 7 day duration with a pay- j
. load weighing 890 newton (200 pounds) requiring 500 watts of
y - power continuously.* A major task under this POBAL~S program
. focused on the specific system design. The completeness of
- the design was limited by the availability of funds.

|
i
ﬁf Prior to entering into a specific design of a selected |
" gsystem type, a parametric investigation of various system ‘
- concepts was p-rformed.® The various power sources which i
3 were investigated included internal combustion engines, fuel C
; cells, batteries, and solar cells. oA

The system concept which was chosen utilized a fuel cell !
as the power source. The parametric analysis revealed that i
the fuel cell powered system would be cost effective and re- v
liable as a demonstration vehicle capable of meeting the A
performance specifications, A

i

,ﬁ *Originally the speed requirement was 10.3 m/s (20 kn) .
3 and no power was to be allocated to the payload. During the k.
3 course of the contract the speed requirement was reduced to r
; 8.18 m/s (15.9 kn) and the payload power requirement was de- 2
fined as 500 W continuous power. The effort reported on in .
3 Section 4.0 uses the original speed and payload power re- oo

4 quirements. The design discussed in Section 5.0 uses the B
3 newer requirements. 3

3 ®Beemer, Jack D., et al.,, POBAL-S, R & D Design Evalua- o
. tion Report, Part I, System Concept Cholce, Report No. !
3 0273001, Raven Industries, Inc. Alr Force Cambridge Research 4
4 Laboratories Contract No, F19628-73~C-0076. 23 February 1973. {
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2. DEVELOPMENT OF HIGH ALUTITUDE POWER BALLOONS

The first serious study of the high altitude station
keeping powered balloon concept was performed by General Mills,
Inc. during the late 1950's.’ This study described a powered
airship which was to carry a pavload of 440 to 1320 N (100 to
300 lb) to an altitude of 18 to 24.5 km (60,000 to 80,000 £t)
for a duration of 1 to 8 hours, The Mechanical Division of
General Mills, subsequently absorbed by Litton Industries,
carried out a considerable amount of additional analysis af-
ter its Lighter~Than~Air Concepts Study was published. 1In
1967 Litton discontinued ballooning activities.

Since the first efforts performed by General Mills there was
little actual work done until after 1965. At this time Good-
year Aerospace Corporation began work in this subject area
which resulted in a report entitled An Investigation of
Powered, Lighter-Than-Air Vehicles.® This work was performed
under the sponsorship of the Air Force Cambridge Research
Laboratories. 7Two basic concepts were studied in this re-
port. The first was an aerodynamically shaped airship which
could be flown to and from the 21 km (70,000 £ft) design al-
titude, and the second was a natural shape balloon which
only operated at the design altitude. For the second con-
cept at termination of the mission the paylocad and power
plant were to be parachuted back to earth. o’

The first hardware constructed and used in the manner of
a high altitude station keeping vehicle was fabricated by
Goodyear Aerospace Corporation.® The propulsion system con-
sisted basically of a propeller at on: end of a gondola and
a rudder at the other, The gondola orientation, or heading,
and the rudder position were telemetered to the ground along
with other monitored flight information. The rudder position
was changed by radio command to make the gondola point in the
proper Girection, This system was not demonstrated to be

TAnderson, A. A., et al., Lighter-Than-Air Concepts Study,
Report No. 1765, General Mills, Inc. [I'inal Report, Contract
1589 (07). 1 September 1957. Revised, March 1lYe0.

8yorachek, Jerome J., Investigation of Powered Lighter-
Than-Air Vehicles, GER 14076, Goodyear Aerospace Corporation,
AFCRL-68-0626, rinal Report, Air Force Cambridge Research
Laboratories, Contract No. F19628-«67-C-0047. 27 November
1968,

High Altitude Powered Balloon Test Program, Report No.
BB-2304, Goodyear Aerospace Corporation. November 1968.
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controllable. It was likely that it was not controllahle
becanse of aerodynamic considerations and because an auto-
pilot was not incorporated into the system.

The next effort pertinent to high altitude station keep-
ing wvehicles was performed by Raven Industries during 1969
and 1970.!° This was the High Platform II prog»-m under
which the first high altitude, solar powered, : ' opiloted air-
ship was successfully demonstrated. The main p\ .pose of this
program was to actually demonstrate, at a moderate cost, that
a practical high altitude (21 km or 70,000 £t altitude), long
duration, station keeping vehicle could be built.

The High Platform II vehicle itself was only a sun seek-
ing vehicle and had a cadmium sulfide solar cell array placed
on the balloon envelope such that when the vehicle was orien-
ted toward the sun enough power would be supplied to propel
the balloon at a design speed of 10.3m/s (20 kn). Also, the
vehicle could only be used for daytime operation since bat-
teries, which would have been necessary for nighttime opera-
tion, were not a part of this system. This superpressure
balioon was configured with a propeller suspended underneath
it on a gondola and was controlled with both moving and sta-
tionary horizontal and vertical statilizing surfaces. High
Platform II was flown in May of 1970.

The next activity which was initiated was the High Plat-
ferm III Design Study performed by Raven Industries.'? This
was a paper study contract which resulted in a final report
describing a preliminary design for a system having a four
month operating duration at an altitude of 25.5 km (85,000 £ft)
with a capability of maintaining a continuous 7.7 m/s (15 kn)
air speed. This paper study also generated a limited amount
of parametric trade-off analysis information. Of particular
importance, this analysis revealed that there was no advan-
tage to utilizing altitude control to minimize the stress
levels in the envelope by driving the vehicle up or down with
a positive or negative angle of attack respectively.

TTBeemer, Jack D., et al., High Platform II, Report No.
R-0870025, Raven Industries, Inc., Final report, Contract

4691, Task Order 22. 14 August 1970.

1lpeemer, J.D., et al., High Platform III Design Study,

Report No, 0871005, Raven Industries, Inc., Final Report,
Contract 5831, 31 August 1971,




The airship designed under the High Platform III Design
Study had a volume of 17,000 m? (600,5%5 ft°). The envelope
ength was 94 m (309 ft) and had a fineness ratio of 5.0.

It was to be powered with cadmium sulfide solar panels which
furnished the necessary electrical power to an electric mo-
tor driving a gimkaled propeller which was mounted on the
tail of the airship. The horizontal and vertical stabilizing
surfaces were to be pressurized with air and the envelope it-
self was fabricated from a biaxially oriented nylon film.

One of the urpproven assumptions used in the design of High
Platform III was that a pulse charging technique could be
used to increase the number of charging cycles available from
the battery. Another assumption was that the nylon film
would in fact be developed into a successful superpressure
balloon material. The %igh Platform III Design Study was
completed in August 1971,

Shortly after the High Platform III Design Study was
completed, the Air Force Cambridge Research Laboratories is-
sued an RFP for a free balloon propulsion system. The basic
goal of the system was to keep an 880 N (200 1lb) payload on
station at a nominal altitude of 18 km (60,000 ft) for a 24
hour duration. The method of accomplishing this was to util-
ize altitude control on the balloon such that it could be
propelled through a miaimum wind field. Goodyear AerosPace
Corporation was awarded the contract under this effort.'?

In September, 1972, the Goodyear free balloon propulsion sys-
tem was flown from Holloman Air Force Base. The system con-
sisted of a natural shape balloon from which a battery power-
ed, electric motor driven propeller was suspended. This sys-
tem was to have a 24 hour duration, 12 hours of which was to
be under powered flight. The nominal thrust required by the
propeller was 445 N (100 lb). Due to mechanical failure,

the flight of this system was terminated with less than 6
hours of powered flight. During this tine it was demonstra-
ted that although the concept was feasible, problems of in-
stability were present.

Because of the sensitivity of station keeping vehicle
size, mass, and power requirements for various mission param-
eters, it was felt necessary to have a general overview of
the concept of superpressure high altitude station keeping

Torachek, Jerome J., Edward W. McGraw, John W. Bezbatchen-
ko, Development of a Free Balloon Propulsion System, Good-
year Aerospace Corporation. RL -13= P nal Report,
Air Force Cambridge Research Laboratories, Contract No.
F19628-72-C-0072. April 1973.

10




airships. Thus, the Study of High Altitude Station Keeping
Vehicles was performe Yy Raven Industries.” ° This resulted
In a final report in March, 1973. It was under this study
contract that the HASKV computer program was written to para-
metrically analyze various system concepts. Also, a vehicle
capable of operating at 21 km (70,000 f£t) for a few months
duration with an average speed of 10.3 m/s (20 kn) carrying

a 880 N /200 1lb) payload was designed, and the results were
presented in the final report.

Under the Study of High Altitude Station Keeping Vehi-
cles Raven Industries utilized its own in-~house expertise in
electonic systems, superpressure balloon technology, and me-
chanical hardware design. However, an extensive literature
search and subsequent vendor contact effort was spent to
gain knowledge of the primary power sources and electric mo-
tor. More than seventy companies and organizations active in
thermal electric generators, solar cells, fuel cells, batter-
ies, turbine engines, reciprocating engines, and rotary pis~-
ton engines were solicited for information pertinent to the
‘ study., With the information thus gained, it was possible to
k-, enter into a parametric analysis in which all vehicle com=-
ponents could be parametrically defined. The parametric work
performed showed very clearly the great advantages of using
a superpressure balloon material stronger than polyester film
and the necessity of using solar power for such extended mis-
sion durations.

It was during this latter study contract that the POBAL-S
project was begun, The remainder of this report summarizes
p: the work performed under the POBAL~-S program and presents the
i design of the POBAL=-S airship.

3 *“Beemer, Jack D., et al., Stud* of High Altitude Station
9 Keeping Vehicles, Report No. 0 , Raven Industries, inc.,
g b Advanced Research Projects Agency Order No. 1983 Final Re-

P port. 15 March 1973.
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3. REVIEW OF CONCEPT DESIGNS

This section of the report discusses the various aspects

of the balloon system design. The intent is to provide a
simplified description of the system components. This will
be beneficial in understanding the vehicle design and will
aid in understanding the computer program. The readers at-
tention is called to Section 5. of this report for a more
detailed description of the fuel cell powered airship. The
types of vehicle concepts which were studied are shown in
Figure 3.1.

3.1 Balloon Vehicle

For the aerodynamic shaped balloon systems, only balloon
designs utilizing conventional high altitude superpressure
spherical balloon technology were considered in the paramet-
ric analysis. This type of balloon has normally been con-
structed from polyester film laminates. The purpose of lam~-
ination is to prevent helium leakage due to pin holing, while
the polyester £ilm itself has very low permeability to helium
and very high strength characteristics. The use of such ma-~
terials allows the balloon envelope to be pressurized to a
level such that at nighttime, when the radiation conditions
may result in the balloon temperature being less than ambient
temperature, the balloon will still be superpressured, If
the pressure in the balloon goes below arbient pressure, the
balloon will go slack and descend in altitude. Typically
the duration of superpressure balloons is measured in terms
of months, and several balloons have flown well in excess of
400 days. These long durations can be accomplished because
it is not required that ballast be used to retain altitude
throughout the nighttime.

Variations in material types, density, and acceptable
stress levels have been considered in the parametric analy-
sis, Ideas which have been considered include the use of
high strength fibers laminated between layers of the balloon
film to increase the film strength-to-weight ratio and ap-
plying to the film a thermochromic coating which exhibits
transitional optical absorption and reflectance characteris-
tics which could possibly help control the supertemperature.
These approaches are not believed to be frasible for use
with this type of balloon. Technological improvements in
superpressure balloon materials will likely be accomplished
in the near future, but the higher stressing limits which
have been studied parametrically should encompass such im-
provements,
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The balloon vehicle itself is defined to include the
envelope, the fins or stabilizing surfaces and any attachment
hardware. The basic shape is assumed to be that of a lNavy
Class C airship with a fineness ratio of 5.0. Other fine-
ness ratios have been investigated and it has been determined
that near-optimum system desion will occur within the range
of fineness ratios of 5.0 to 7.0.!s1%

The stabilizing surfaces are assumed to be constructed
from air pressurized conical shaped beams (two for each sur-
face) with an impermeable membrane stretched between. (Re-
fer to Figure 5.1 for a detailed sketch of the system.) The
beams would be pressurized by use of a very small, low power
consumption air compressor. In this way the integrity of
the primary envelope is retained and minimal departure from
cozvgntional superpressure balloon technology is accom-
plished.,

3.2 Airship Propulsion and Control

The propulsion and gimbal assembly includes the motor
or engine for propulsion and the mechanical hardware recquired
to pitch and yaw the propeller. (Refer to Pigures 5.3, 5.4,
5.17.) The actual thrust is derived by use of a propeller.
The gimbaling mechanism itself is designed using roll nuts and
screws powered by small electric motors to provide two-degree
freedom of movement for the propeller. The control of the
airship is thus accomplished by chancing the propeller posi-
tion by electronic signals provided by an autopilot so that
the vehicle will remain within acceptable limits in pitch and
vaw. A very important component of the system is the sveed
reducer which allows the propeller to operate at much slower
angular velocity than does the motor or engine powering it.
Experience has shown that belt drive systems are highly ef-
ficient and acceptable for the use as contemplated here.

3.3 Power Source

The primary variation between system conceots was in the
power source used to drive the propeller. In the parametric
study the solar cell array, fuel cell, gas turbine, internal
combustion engine, batteries, and advantageous wind fields
were analyzed. Two of these sources, the solar cell array

T*Rueter, Loren L., "Drag Analysis for POBAL-S & HASKV

High Altitude Airships", informal paper, Raven Industries,
Inc., 10 October 1972,
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